Abstract: Flash floods which occur due to heavy rainfall in hilly and semi-hilly areas may prove deleterious when they hit urban centers. The prediction of such localized and heterogeneous phenomena is a challenge due to a scarcity of in-situ rainfall. A possible solution is the utilization of satellite-based precipitation products. The current study evaluates the efficacy of Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) three-hourly products, i.e., 3B42 near-real-time (3B42RT) and 3B42 research version (3B42V7) at a sub-daily time scale. Various categorical indices have been used to assess the capability of products in the detection of rain/no-rain. Hourly rain rates are assessed by employing the most commonly used statistical measures, such as correlation coefficients (CC), mean bias error (MBE), mean absolute error (MAE), and root-mean-square error (RMSE). Further, a diurnal analysis is performed to authenticate TMPA's performance in specific hours of the day. In general, the results show the good capability of both TMPA products in the detection of rain/no-rain events in all seasons except winter. Specifically, 3B42V7 performed better than 3B42RT. Moreover, both products detect a high number of rainy days falsely in light rain ranges. Regarding rainfall measurements, TMPA products exhibit an overall underestimation. Seasonally, 3B42V7 underestimates rainfall in monsoon and post-monsoon, and overestimates in winter and pre-monsoon. 3B42RT, on the other hand, underestimates rainfall in all seasons. A greater MBE and RMSE are found with both TMPA rain measurements in monsoon and post-monsoon seasons. Overall, a weak correlation and high MBE between the TMPA (3B42RT, 3B42V7) and reference gauge hourly rain rates are found at a three-hourly time scale (CC = 0.41, 0.38, MBE = −0.92, −0.70). The correlation is significant at decadal (CC = 0.79, 0.77) and monthly (CC = 0.91, 0.90) timescales. Furthermore, diurnal rainfall analysis indicates low credibility of 3B42RT to detect flash flooding. Within the parameters of this study, we conclude that the TMPA products are not the best choice at a three-hourly time scale in hilly/semi-hilly areas of Pakistan. However, both products can be used at daily, yet more reliably above daily, time scales, with 3B42V7 preferable due to its consistency.
Artificial Neural Networks (PERSIANN) [23] are delivering free data products to the community. These products are indeed valuable for hydrological modeling and predictions, flood forecasting, land surface derivation models, reservoir operations and risk analysis, resource management and monitoring, drought early warning, and the validation of numerical models for regions with a paucity of weather stations. Typically, these rainfall products have a high spatial and temporal resolution, and good spatial and temporal coverage. [1, 24, 25] TRMM products are widely used among researchers and hydrologists, and have been applied globally in various precipitation assessment, and hydrological and flood inundation modeling studies [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . TRMM was the first space mission with a special focus on measuring tropical and subtropical rainfall through visible/infrared, and active and passive microwave sensors [40] . Primarily, the three rainfall sensors mounted on TRMM were the Visible and Infrared Scanner (VIRS), Precipitation Radar (PR), and TRMM Microwave Imager (TMI) [16, 41] .
While the advantages of such satellite-based products are multifarious, precipitation measurements that are done through indirect methods associated with remote sensing techniques can potentially induce large uncertainties and errors. These uncertainties associated with the precipitation retrieval algorithm can generate errors in rainfall estimation, which can further propagate into hydrological modeling. Therefore, it is essential to evaluate the rainfall retrieval capability of a satellite sensor before its application. Such an assessment can guide users about applications of products and impacts of accompanied errors [1, 17, 42] .
Many studies have been undertaken globally to validate Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) at a daily time scale. For example, Wang et al. [1] evaluated TMPA 3B42 version 7 and Integrated Multi-satellite Retrievals for GPM (IMERG) at different time scales and found a very high correlation of TMPA 3B42 version 7 with rain gauge observations at a yearly time scale, but a weak linear relationship (correlation coefficient <0.5) at a daily time scale. A couple of studies [43, 44] evaluated TMPA 3B42 version 6 in Saudi Arabia and Nepal. The studies showed an overall underestimation in Nepal and a typical overestimation in Saudi Arabia. Moreover, the performance of TMPA 3B42 version 6 in mountainous regions was poor compared to plain areas. A similar study [45] conducted in Bangladesh showed that TMPA 3B42 version 5 overestimated rainfall in most of the areas in pre-monsoon and post-monsoon seasons and underestimated in the monsoon season, especially in heavily wet areas. Overall, TMPA 3B42 version 5 underestimated rainfall in wet areas and overestimated rainfall in dry areas. Cai et al. [46] also found a weak correlation (r = 0.5) between TMPA 3B42 version 7 and rain gauge data, but the correlation was high at monthly and annual time scales. Another study [47] used different temporal as well as spatial scales to evaluate TMPA 3B42 and found a modest correlation at a daily scale, but a good relationship (r > 0.8) at monthly timescale. Additionally, the study revealed no significant improvement in the performance of TMPA when evaluated at a 1 × 1 degree grid cell by merging 0.25 × 0.25 degree grid cells.
Though TMPA 3B42 products have been extensively assessed at daily and longer time scales, their evaluation at a sub-daily time scale is quite rare. A recent study [17] compared TMPA 3B42 research version with rain gauge data at Khorasan Razavi province in northeastern Iran and observed a correlation coefficient value of 0.36 for average three-hourly rainfall. The study also discovered an underestimation of TMPA 3B42 research version at a 3-h timescale. Another study [48] conducted in Greece evaluated TMPA 3B42 with rain gauge data at a high temporal resolution of 3 h and found a correlation coefficient value slightly less than 0.3 between both sources. Nevertheless, this correlation increased with aggregated time intervals, i.e., 6 h, 12 h, 24 h, and 48 h, and gained a peak value of 0.6 at a maximum aggregated interval. Moreover, the study found a decrease in mean absolute error and root mean square error when moving from a low aggregated interval to a high aggregated interval. Yuan et al. [49] investigated the diurnal characteristics of TRMM 3B42 in central eastern China by using rain gauge data and noticed some dispersed patterns. TRMM 3B42 version 6 hourly intensities were also appraised by Scheel et al. [47] for a very short period of three months in the Central Andes region. Results regarding rain detection capabilities were tantamount to daily results, but the correlation was Remote Sens. 2018, 10, 2040 4 of 30 significantly lower (0.01) compared to the correlation (r = 0.55) with ground observations at a daily timescale. In another study [50] conducted over the Korean Peninsula, the correlation coefficient value was found to be 0.47 when 3B42 V6 was evaluated against automatic weather station data, whereas the 3B42 product slightly overestimated rain rates. Villarini [51] compared two pixels of the three-hourly rainfall product of TMPA 3B42 with rain gauge observations over the metropolitan area and observed a mean correlation coefficient value of 0.38 between both sources. In another study [52] on a regional scale, a mean correlation coefficient value of 0.45 between TMPA 3B42 and ground rainfall observations was noticed for cold and warm seasons.
Many studies have been carried out for Pakistan regarding the validation of TMPA 3B42 products. Nonetheless, these studies only validated TMPA 3B42 products at daily or above daily time scales. In a study [16] , surface rainfall gauge and Asian Precipitation Highly Resolved Observational Data Integration Towards Evaluation of Water Resources (APHRODITE) data were used to evaluate TMPA daily rain. The study divulged an overestimation of TMPA 3B42 version 7 in pre-monsoon and monsoon seasons, while an underestimation in post-monsoon and winter seasons. Likewise, a good agreement between TMPA 3B42 version 7 and ground observations was observed in plain and medium elevation areas. Hussain et al. [53] concluded in their study that the performance of TMPA 3B42 was better in mountainous regions than the arid region. Also, TMPA 3B42 overestimated rainfall in glacier regions. Anjum et al. [54] assessed TMPA 3B42 real-time and post-real-time products for the inclement flood event of 2010 in the mountainous region. The TMPA post-real-time product performed well in comparison to the real-time product and generally captured the spatial patterns of precipitations; albeit both products were unable to capture the temporal variation of the storm. TMPA 3B42 v6 and v7 were compared by Anjum et al. [55] for the Swat watershed. Overall, TMPA 3B42 version 7 performed better. The algorithms performed well at the monthly scale, but poorly at the daily and seasonal scale. Another study [56] revealed that TMPA 3B42 underestimated rainfall in intense monsoon regions, but overestimated in southern parts of the Indus basin. Three different satellite algorithms, including the TMPA 3B42 real-time product, were analyzed by Sadiq et al. [57] . The TMPA performed well in high intensity rainfall events, but highly overestimated for light rain rates. This overestimation was also observed in mountains regions in north and coastal areas in the south of the Indus basin.
Our present study comprises the validation and performance assessment of both TMPA 3-hourly rainfall products, i.e., 3B42 near-real-time (3B42RT hereafter) and 3B42 research version (3B42V7 hereafter) hourly rain rates at various time scales for the period 2007 to 2010 in Lai Nullah basin in Islamabad, Pakistan. The major objective of the study is to evaluate TMPA's rainfall rates (mm/h) at 3-h time intervals by using 10-min temporal resolution telemetric rain gauge (TRG) observations. Validation of TMPA products at the finest time scale, i.e., 3-h, is inadequate around the globe. One possible reason for this is that the in-situ rainfall data is not sufficiently available at the sub-daily timescale. Similarly, in Pakistan, the validation of TMPA products at the sub-daily scale has not been executed yet, and the current study is the first of its kind to evaluate TMPA products at a 3-h timescale. The motivation behind this validation study is to examine the feasibility of 3B42RT's three-hourly rain rates for the prediction of heterogeneous and localized hydro-meteorological phenomenon like urban flash flooding and to determine the viability of 3B42V7's sub-daily rain rates for water-related modeling. Furthermore, diurnal analysis has also been conducted to verify TMPA products' behavior at specific hours of the day. The TMPA's rain rates have also been inspected at daily, decadal, and monthly timescales. Aggregated rainfall patterns of both TMPA products are also analyzed at seasonal and annual scales. Such a fine-scale validation study will assist users and scientists to probe the operability of the TRMM 3B42 3-h products before their potential usage at a high temporal resolution (3-h) in the localized context of Pakistan. The total area of the basin is approximately 230 km 2 . The area of the upper portion of the basin which covers Islamabad is approximately 159.6 km 2 , i.e., ~69% of the total catchment area of Lai Nullah basin. The lower part of the basin covers almost 70.5 km² of Rawalpindi city and its surroundings [6, 10, 58] . The lowest point of Lai Nullah is 420 m above mean sea level (a.m.s.l.) at the confluence of Soan River, while the highest elevation of the basin is 1200 m a.m.s.l. at the top of the mountain of Margalla hills.
Telemetric Rain Gauge Observations
An in-situ rainfall dataset for a period of approximately four years ( The total area of the basin is approximately 230 km 2 . The area of the upper portion of the basin which covers Islamabad is approximately 159.6 km 2 , i.e.,~69% of the total catchment area of Lai Nullah basin. The lower part of the basin covers almost 70.5 km 2 of Rawalpindi city and its surroundings [6, 10, 58] . The lowest point of Lai Nullah is 420 m above mean sea level (a.m.s.l.) at the confluence of Soan River, while the highest elevation of the basin is 1200 m a.m.s.l. at the top of the mountain of Margalla hills. 
An in-situ rainfall dataset for a period of approximately four years (1 April 2007 to 31 December 2010) at a 10 min temporal resolution was obtained from the Pakistan Meteorological Department (PMD)-the national weather forecasting agency of Pakistan. The surface rainfall observations have been recorded by telemetric rain gauges (TRGs). PMD, with the technical help of Japan International Cooperation Agency (JICA), installed these TRGs in Lai Nullah basin for a flood prediction and early warning system. These telemetric rain gauges are tipping bucket rainfall gauges which have a sensitivity of 0.1 mm [12] . Tipping bucket (TB) rain gauges may include systematic as well as random errors. Systematic error may include calibration error, wind-induced error, and sampling error. PMD follows the World Meteorological Organization (WMO) guidelines [59] on quality control for automated weather stations, which include telemetric rain gauges. Figure 1a shows the location while Table 1 provides the exact coordinates and elevation of TRGs. Out of the six gauges, only two rain gauges are in Rawalpindi, while the remaining are stationed in Islamabad city. 
TMPA
The Tropical Rainfall Measuring Mission was launched on 27 November 1997, from the Tanegashima Space Center in Japan. Various weather-related instruments like a TRMM microwave imager (TMI), and visible and infrared sensor (VIRS) were mounted on the satellite [43] . The TMPA is one of several products offered by TRMM, and it is a fine scale product which has a spatial resolution of 0.25 • × 0.25 • at a 3-h temporal scale [1, 21] . The product covers an area between 50 • N-50 • S. The construction of TMPA involves multi-sensor analysis techniques which utilize synergy between the passive microwave retrievals of rainfall with the geostationary infrared observations [41] . The TMPA is further categorized as real-time (3B42-RT) and post-real time (3B42 research version) [21, 60] . Both versions have the same spatial and temporal coverage; the only difference is that the research version is biased adjusted by using monthly rain gauge data [21, 61] . The current study includes both TMPA versions for the validation.
TMPA 3B42 products are developed in a sequence which starts from a collection of rainfall-related passive microwave data from various low earth orbit (LEO) microwave sensors, including TMI, Advanced Microwave Scanning Radiometer-Earth Observing System (AMSR-E), Special Sensor Microwave Imager (SSM/I), and Advanced Microwave Sounding Unit-B (AMSU-B). Each of the passive microwave sensor's measurements are converted into precipitation and then averaged to a spatial grid of a 0.25 • cell size with a temporal resolution of 3-h (±90 min from central time slot). Best estimates are calculated by using some statistical methods for coincident data. However, it should be noted that in LEO, each satellite gives a very dispersed sampling of precipitation in time and space. All other microwave sensors are calibrated by using TRMM combine instruments (TCI) and TMI. In the next step, infrared measurements are collected from the international constellation of geosynchronous earth orbit (GEO) satellites. Then, GEO's IR data, which offers an exceptional time-space coverage, is processed at a 0.25 • spatial grid and 3-h temporal scale. Again, microwave TCI data is used to calibrate IR estimates. Then, microwave and infrared estimates are merged to form a single best estimate. In first preference, 0.25 • grid cells are assigned microwave-based rainfall estimates, and the remaining gaps are filled with IR-based precipitating estimates. This step provides near-real-time estimates of precipitation labeled as the TMPA 3B42 near-real time product. At the final stage, three-hourly merged rain estimates are summed over a calendar month to construct the monthly multi-satellite (MS) product. This product is then combined with monthly rain gauge data to form a post-real time satellite-gauge (SG) product, which is labeled as TRMM's research version product (3B43). In the end, the SG/MS ratios are calculated on each cell of a 0.25 • grid and then applied to every three-hourly field of the month to construct a research version 3B42 product [21] . Version 7 of the TMPA 3B42 product was released in May 2012 after applying some major revisions in the TMPA 3B42 version 6. However, very soon after this, some errors were identified in TMPA 3B42V7; therefore, V7 was again revisited, and a newly revised version was released in December 2012 [62] .
Methodology
Validation of precipitation data at a sub-daily scale is a big challenge as standard observations are taken at a daily scale [52] . However, for the current study, reference in-situ rainfall observations are available at a very high temporal resolution of 10 min. Therefore, such high temporal reference data offers a unique opportunity to assess TMPA's hourly rain rates at its finest temporal resolution, i.e., 3-h, and then the other time scales like daily, decadal, and monthly.
In-situ reference data is taken from the telemetric rain gauges, which are point-based observations. On the other hand, a satellite averages rainfall over a specific area or pixel. One way is to interpolate reference point data for an area-to-area comparison, but such a comparison may cause additional error due to interpolation techniques [1] . Thus, the point-to-pixel comparison method has been considered for the current study. TMPA is a grid-based product; therefore, the location of each pixel for rain gauge stations remains fixed. Spatial overlays revealed that rain gauges are quite closely distributed and five out of six rain gauges fall within a single pixel. Villarini [51] suggests using at least five rain gauges for computing areal averages at high spatial and temporal resolutions. Therefore, non-zero averaged rain rates (mm/h) of five rain gauges are calculated for the comparison with satellite-based rainfall measurements. The use of more than a distributed single station against one TMPA grid cell may minimize the well-known issue of unrepresentative error, i.e., point-based precipitation observations are likely to be unrepresentative of satellite estimated areal values [20] . But the number of rain gauges that is suitable to represent a grid cell is dependent on the rain pattern, spatial properties, seasons, and terrain. However, the correlation coefficient between satellite-based rainfall and rain gauge rainfall is increased when the number of rain gauges and accumulation intervals is increased till a certain range. Also, the error statistic is improved when more than one set of rain gauge data is used against one grid cell [63] . After careful assessment, the sixth rain gauge which is falling near the border of another pixel is discarded from the analysis. Finally, temporal collocation using a ±5 min time window is performed to generate the satellite-gauge data pairs for comparison.
Commonly used statistical methods to assess satellite rainfall algorithms are continuous and categorical methods [20] . Continuous statistical measures related to satellite rainfall amount evaluation include mean bias error (MBE), mean absolute error (MAE), root mean square error (RMSE), and Pearson correlation coefficient (CC) between estimated and observed rainfall values [20, 43, 44, 54, 64] . CC computes the linear relationship between measured and observed rainfall. MBE calculates the average difference between measured and observed rainfall. A positive MBE value indicates an overestimation, while a negative value presents an underestimation of satellite rainfall with respect to the rainfall from in-situ gauge data. MAE determines the average absolute magnitude of error, while RMSE also estimates the average error magnitude, but gives more weight to larger errors. The perfect values for these measures are 1 for the correlation coefficient, and 0 for MBE, MAE, and RMSE. The CC value is considered significant if it is equal to or greater than 0.7 [53] . Standard deviation (SD) [65] is another useful statistical measure to assess the capability of each dataset in capturing rainfall variability. A higher SD value represents more variation in rainfall from its mean value. The performance of the TMPA algorithm has been characterized into three basic groups [43, 44] overestimation, underestimation, and approximately equal (within ±10%). Categorical statistical measures have been calculated to assess the performance of TMPA in the detection of rain/no-rain events at a given threshold. Indices like Bias, probability of detection (POB), false alarms ratio (FAR), threat score (TS), equitable threat score (ETS) and skill score (SS) [1, 20, 43] , Refs. [44, 54, 66, 67] have been calculated. Bias estimates the frequency of measured rainfall events to the frequency of observed rainfall events. It indicates whether a measuring system under-detects or over-detects rainy events. POD describes the ability of a rain measuring source to detect rain events correctly. FAR represents the cases when a rain measuring source detects rain when there is no rain detected. TS/CSI, ETS, and SS demonstrate the overall fraction of events which are correctly detected by a rain measuring source. The difference between ETS and TS is that the ETS is an adjusted index for hits associated with random chance. Perfect scores for Bias and FAR are 0 and 1 for the POD, TS, ETS, and SS. More details of categorical and continuous statistical measures are given in Table 2 . The diurnal variations of precipitation captured by TRG and TMPA products are assessed by using the frequency of precipitation occurrence, the precipitation intensity, and the precipitation amount. Precipitation frequency is defined as the number of rainy events divided by the total number of events. Precipitation intensity is defined as the mean rates averaged over the precipitating events, and the amount of precipitation is accumulated precipitation [49, [68] [69] [70] . 
The rain/no-rain detection threshold reported for the telemetric rain gauges is 0.1 mm/h. However, a minimum non-zero value of '1 mm/h' has been found in TRG data series analysis. Hence, the data pairs with the rain gauge rainfall value '0' and TMPA rainfall values less than 1 mm/h are excluded from categorical analysis. Overall, the rain rate threshold of 0.1 mm/h has been used for both datasets to consider rain/no-rain events for calculating categorical, as well as continuous, statistics measurements. Moreover, data pairs where TMPA products and rain gauge have zero rainfall values are excluded during calculations of continuous statistics, i.e., CC, MBE, MAE, and RMSE.
The comparison of TMPA hourly rain rates with the rain gauge observations is carried out at a 3-h time interval. Furthermore, mean hourly rain rates are computed for daily, decadal, and monthly comparisons. TMPA hourly rain rates are also evaluated in different seasons. Seasons are defined as the winter season (November-February), pre-monsoon season (March-May), monsoon season (June-August), and post-monsoon season (September-October) [71] . The mean maximum temperature of Islamabad is 40 • C during June (monsoon) and the mean minimum temperature is 3 • C during January (winter) [72] . The annual mean temperature of Islamabad is 29 • C, and annual mean precipitation is 1140 mm [73] . The monsoon receives a major portion of annual rainfall (~60%). The monsoon precipitation system which mainly originates from the Bay of Bengal enters Pakistan from its southern (Arabian sea), south-eastern (India), and north-eastern boundaries (Nepal) [56, 57, 74] . Due to heavy rainfall in the monsoon, different parts of Pakistan face floods in this season. Pre-monsoon and post-monsoon seasons are considered warm seasons, with a relatively low rainfall amount in these seasons. Islamabad often receives moderate to heavy rainfall showers in winter months due to a phenomenon called western disturbances or winter westerlies. Western disturbances originate from the Mediterranean region and enter Pakistan through Afghanistan at its north-western boundaries [56, 57, 75] .
In addition to rain rates validation, monthly, seasonal, and annual rainfall amounts are also aggregated to compare both datasets.
Analysis and Results

TMPA Products Evaluation for Entire Study Period
TMPA Performance Assessment Using Categorical Indices
The values of performance indices (as per Table 2 ) at a 3-h interval have been calculated and are shown in Figure 2 . The Bias score for the entire period is −0.18 for 3B42RT and −0.11 for 3B42V7. The values of probability of detection (POD) and false alarm ratio (FAR) are 0.59 and 0.28, respectively, for 3B42RT, and 0.65 and 0.27, respectively, for 3BV7. The threat score (TS) or critical success index (CSI) measures the fraction of all rain events that were correctly identified and its ideal score should be '1'. In the current study, the calculated threat score is 0.48 and 0.52 for 3B42RT and 3B42V7, respectively. The equitable threat score (ETS), which estimates the skill of a measuring source relative to chance, has low values compared to TS. The skill score (SS) is 0.58 for 3B42RT and 0.64 for 3B42V7. 
Analysis and Results
TMPA Products Evaluation for Entire Study Period
TMPA Performance Assessment Using Categorical Indices
TMPA Performance as a Function of Rainfall Intensity
Skill scores for different performance indices have been calculated at various rainfall intensities to check TMPA's performance in the detection of events at different rain intensities. The rain threshold to detect a rain/no-rain event is 0.1 mm/h for all rain intensity brackets. As shown in Figure  3a ,b, for light rain events, both TMPA products have a high positive bias score (>0.9) and high FAR values, which indicate that the TMPA products erroneously detect a high number of rainy days.
Overall, TMPA products demonstrate a better performance for high-intensity rain events. It should also be noted that the higher the rainfall intensities, the smaller the number of data samples available for skill scores calculation. Figure 3c displays a TRG, 3B42RT, and 3B42V7 histogram which shows rainfall distribution frequencies. Histograms of all three datasets are right-skewed, and around 75% of the events fall under 0-2 mm/h rainfall intensities. 
Skill scores for different performance indices have been calculated at various rainfall intensities to check TMPA's performance in the detection of events at different rain intensities. The rain threshold to detect a rain/no-rain event is 0.1 mm/h for all rain intensity brackets. As shown in Figure 3a ,b, for light rain events, both TMPA products have a high positive bias score (>0.9) and high FAR values, which indicate that the TMPA products erroneously detect a high number of rainy days. Overall, TMPA products demonstrate a better performance for high-intensity rain events. It should also be noted that the higher the rainfall intensities, the smaller the number of data samples available for skill scores calculation. Figure 3c displays a TRG, 3B42RT, and 3B42V7 histogram which shows rainfall distribution frequencies. Histograms of all three datasets are right-skewed, and around 75% of the events fall under 0-2 mm/h rainfall intensities. TMPA's performance in the detection of various rainfall intensities has been examined by classifying TRG rain rates into different rain categories (Table 3) . TRG rain intensities have been categorized as light rain, moderate rain, heavy rain, very heavy rain, and extreme rain [76] . Figure  4a ,b describes how 3B42RT and 3B42V7 classify rain events with reference to TRG classification. 3B42RT detects 58.5% 'light rain' events as 'no rain' and only 21.6% 'light rain' events are detected correctly, while 19.9% of 'light rain' events are detected as 'moderate' and 'heavy rain' events. Similarly, 3B42RT detects 25.9% 'moderate rain' events, 21.7% 'heavy rain events', and only 9.5% 'very heavy rain' events correctly. 3B42RT detects all 'extreme events' as 'heavy rain' intensity rain events. 3B42V7, on the other hand, detects 51.1% 'light rain' events as 'no rain' and only 25,6% 'light rain' events are detected correctly, while 23.3% of 'light rain' events are detected as 'moderate' and 'heavy rain' events. Similarly, 3B42V7 detects 31.3% 'moderate rain' events, 33.7% 'heavy rain' events, and only 4.8% 'very heavy' rain events correctly. TMPA detects all extreme events as very heavy rain intensity rain events (see Figure 4c) . TMPA's performance in the detection of various rainfall intensities has been examined by classifying TRG rain rates into different rain categories (Table 3) . TRG rain intensities have been categorized as light rain, moderate rain, heavy rain, very heavy rain, and extreme rain [76] . Figure 4a ,b describes how 3B42RT and 3B42V7 classify rain events with reference to TRG classification. 3B42RT detects 58.5% 'light rain' events as 'no rain' and only 21.6% 'light rain' events are detected correctly, while 19.9% of 'light rain' events are detected as 'moderate' and 'heavy rain' events. Similarly, 3B42RT detects 25.9% 'moderate rain' events, 21.7% 'heavy rain events', and only 9.5% 'very heavy rain' events correctly. 3B42RT detects all 'extreme events' as 'heavy rain' intensity rain events. 3B42V7, on the other hand, detects 51.1% 'light rain' events as 'no rain' and only 25,6% 'light rain' events are detected correctly, while 23.3% of 'light rain' events are detected as 'moderate' and 'heavy rain' events. Similarly, 3B42V7 detects 31.3% 'moderate rain' events, 33.7% 'heavy rain' events, and only 4.8% 'very heavy' rain events correctly. TMPA detects all extreme events as very heavy rain intensity rain events (see Figure 4c) . 
TMPA Rainfall Validation
On average, 3B42RT and 3B42V7 give rain rates of 1.50 and 1.72 mm/h, respectively, at a threehourly time scale, while the TRG rain rate is 2.42 mm/h (see Table 4 ). The mean bias error for 3B42RT is −0.92 mm/h, while it is −0.70 mm/h for 3B42V7. The negative sign shows an overall underestimation of rainfall by TMPA products. Mean absolute errors at a three-hourly scale are 2.47 mm/h and 2.46 mm/h, respectively. The root means square error, which gives more weight to larger errors, has a value of 4.88 mm/h for 3B42RT and 5.01 mm/h for 3B42V7. Figure 5a ,b shows the scatter plots of TRG and TMPA product measurements. The value of the correlation coefficient at a three-hourly scale is 0.41 for 3B42RT and 0.38 for 3B43V7. 
On average, 3B42RT and 3B42V7 give rain rates of 1.50 and 1.72 mm/h, respectively, at a three-hourly time scale, while the TRG rain rate is 2.42 mm/h (see Table 4 ). The mean bias error for 3B42RT is −0.92 mm/h, while it is −0.70 mm/h for 3B42V7. The negative sign shows an overall underestimation of rainfall by TMPA products. Mean absolute errors at a three-hourly scale are 2.47 mm/h and 2.46 mm/h, respectively. The root means square error, which gives more weight to larger errors, has a value of 4.88 mm/h for 3B42RT and 5.01 mm/h for 3B42V7. Figure 5a ,b shows the scatter plots of TRG and TMPA product measurements. The value of the correlation coefficient at a three-hourly scale is 0.41 for 3B42RT and 0.38 for 3B43V7. Scatterplots of TMPA products vs. TRG at various time scales are shown in Figures 5 and 6 . These scatterplots show that the value of the correlation coefficient between TMPA products and TRG measurements is improved when hourly rain rates are averaged at daily, decadal, and monthly time intervals. CC is the highest at the monthly time interval for both products when compared to shorter time intervals. Validation statistics, summarized in Table 4 , indicate error statistics being ameliorated when shifted from brief to prolonged time intervals. Errors, i.e., MBE, MAE, and RMSE, are minimum at the monthly time interval. Standard deviation values calculated at various timescales show a quite low skill of TMPA products in capturing rainfall variability, especially at a 3-h timescale. This gap in rainfall variability is reduced at higher timescales. Scatterplots of TMPA products vs. TRG at various time scales are shown in Figures 5 and 6 . These scatterplots show that the value of the correlation coefficient between TMPA products and TRG measurements is improved when hourly rain rates are averaged at daily, decadal, and monthly time intervals. CC is the highest at the monthly time interval for both products when compared to shorter time intervals. Validation statistics, summarized in Table 4 , indicate error statistics being ameliorated when shifted from brief to prolonged time intervals. Errors, i.e., MBE, MAE, and RMSE, are minimum at the monthly time interval. Standard deviation values calculated at various timescales show a quite low skill of TMPA products in capturing rainfall variability, especially at a 3-h timescale. This gap in rainfall variability is reduced at higher timescales. Yearly accumulated rainfall comparisons of TRG, 3B43RT, and 3B42v7 are shown in Figure 7 . TMPA products underestimate the rainfall amount in all years except 2009, when they slightly overestimate rainfall. Overall, 3B42RT underestimates −24% of the total rainfall amount, while 3B42V7 underestimates −13% of the total rainfall amount. Yearly accumulated rainfall comparisons of TRG, 3B43RT, and 3B42v7 are shown in Figure 7 . TMPA products underestimate the rainfall amount in all years except 2009, when they slightly overestimate rainfall. Overall, 3B42RT underestimates −24% of the total rainfall amount, while 3B42V7 underestimates −13% of the total rainfall amount. Yearly accumulated rainfall comparisons of TRG, 3B43RT, and 3B42v7 are shown in Figure 7 . TMPA products underestimate the rainfall amount in all years except 2009, when they slightly overestimate rainfall. Overall, 3B42RT underestimates −24% of the total rainfall amount, while 3B42V7 underestimates −13% of the total rainfall amount. Figure 8 indicates that the performance of both TMPA products is better in pre-monsoon and post-monsoon, with monsoon results also comparable to these two seasonal periods. However, it is winter, a relatively dry season, when TMPA products perform the worst regarding accurate events detection.
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TMPA Validation Across Different Seasons
Seasonal statistics are summarized in Table 5 . The graphical presentation of validation statistics in different seasons is shown in Figure 9 . 
TMPA Validation across Different Seasons
Seasonal statistics are summarized in Table 5 . The graphical presentation of validation statistics in different seasons is shown in Figure 9 . All seasons follow a similar trend, i.e., correlation improves, and a decrease in errors when transitioning from a short time window (3-h) to a larger time interval average (e.g., monthly). As per Figure 9a ,b, 3B42RT underestimates rainfall in all seasons, while 3B42V7 underestimates rainfall in monsoon and post-monsoon seasons; and overestimates rainfall in winter and pre-monsoon at daily, decadal, and monthly rain rate averages. At 3-h time interval, 3B42V7 exhibits a similar pattern, except it slightly underestimates in winter. At a 3-h timescale, a maximum value of MBE (−1.44, −1.33), MAE (3.28, 3.24), and RMSE (6.31, 6.54) has been observed in the monsoon for 3B42RT and 3B42V7, respectively. Post-monsoon is another season where TMPA products highly underestimate three-hourly rain rates (see Table 5 ). The highest MBE, MAE, and RMSE values at all time intervals for both TMPA products are associated with the monsoon season. Correlation wise, at a 3-h time interval, monsoon and post-monsoon are the seasons where TMPA products have the highest CC values, i.e., 0.44 and 0.34 for 3B42RT, and 0.40, 0.40 for 3B42V7. In the pre-monsoon and winter seasons, CC values are less than 0.3 for both TMPA products. Figure 9e -h shows that the correlation between TMPA products and TRG is higher, while RMSE is reduced when moving from three-hourly towards monthly time intervals. At a 3-h interval, the correlation has the highest values in monsoon and post-monsoon seasons, while the RMSE values are also greater in these two seasons. For daily, decadal, and monthly time intervals, winter and pre-monsoon seasons dominate regarding better CC and lower RMSE for 3B42V7. 3B42RT behaves inconsistently when moving from three-hourly towards the monthly time interval. Standard deviation values across various seasons and timescales show that TMPA products mostly have a lower skill in capturing rainfall variability. The winter season is a specific season where TMPA products are affected more than TRG due to the anomaly in rainfall. All seasons follow a similar trend, i.e., correlation improves, and a decrease in errors when transitioning from a short time window (3-h) to a larger time interval average (e.g., monthly). As per Figure 9a ,b, 3B42RT underestimates rainfall in all seasons, while 3B42V7 underestimates rainfall in monsoon and post-monsoon seasons; and overestimates rainfall in winter and pre-monsoon at daily, decadal, and monthly rain rate averages. At 3-h time interval, 3B42V7 exhibits a similar pattern, except it slightly underestimates in winter. At a 3-h timescale, a maximum value of MBE (−1.44, −1.33), MAE (3.28, 3.24) , and RMSE (6.31, 6.54) has been observed in the monsoon for 3B42RT and 3B42V7, respectively. Post-monsoon is another season where TMPA products highly underestimate threehourly rain rates (see Table 5 ). The highest MBE, MAE, and RMSE values at all time intervals for both TMPA products are associated with the monsoon season. Correlation wise, at a 3-h time interval, monsoon and post-monsoon are the seasons where TMPA products have the highest CC values, i.e., 0.44 and 0.34 for 3B42RT, and 0.40, 0.40 for 3B42V7. In the pre-monsoon and winter seasons, CC values are less than 0.3 for both TMPA products. Figure 9e -h shows that the correlation between TMPA products and TRG is higher, while RMSE is reduced when moving from three-hourly towards monthly time intervals. At a 3-h interval, the correlation has the highest values in monsoon and postmonsoon seasons, while the RMSE values are also greater in these two seasons. For daily, decadal, and monthly time intervals, winter and pre-monsoon seasons dominate regarding better CC and lower RMSE for 3B42V7. 3B42RT behaves inconsistently when moving from three-hourly towards the monthly time interval. Standard deviation values across various seasons and timescales show that TMPA products mostly have a lower skill in capturing rainfall variability. The winter season is a specific season where TMPA products are affected more than TRG due to the anomaly in rainfall. Figure 10 shows the time series of accumulated monthly rainfall. TMPA products and TRG follow a similar rainfall pattern for all years except the 2009 monsoon. In general, TMPA products overestimate in portions of February and April. These two months belong to winter and pre-monsoon seasons. In monsoon months, i.e., June, July, and August, TMPA products largely underestimate rainfall. However, in the 2009 monsoon, 3B42RT overestimates rainfall, which is an exception. The possible reason for this is the very low rainfall intensity and rainfall amount recorded for the monsoon in 2009. In post-monsoon, TMPA products exhibit relatively smaller overestimation. In November and December, rainfall from both measuring sources is quite comparable. The overall trend indicates that TMPA products heavily underestimate in wet periods. Figure 10 shows the time series of accumulated monthly rainfall. TMPA products and TRG follow a similar rainfall pattern for all years except the 2009 monsoon. In general, TMPA products overestimate in portions of February and April. These two months belong to winter and pre-monsoon seasons. In monsoon months, i.e., June, July, and August, TMPA products largely underestimate rainfall. However, in the 2009 monsoon, 3B42RT overestimates rainfall, which is an exception. The possible reason for this is the very low rainfall intensity and rainfall amount recorded for the monsoon in 2009. In post-monsoon, TMPA products exhibit relatively smaller overestimation. In November and December, rainfall from both measuring sources is quite comparable. The overall trend indicates that TMPA products heavily underestimate in wet periods. Figure 10 shows the time series of accumulated monthly rainfall. TMPA products and TRG follow a similar rainfall pattern for all years except the 2009 monsoon. In general, TMPA products overestimate in portions of February and April. These two months belong to winter and pre-monsoon seasons. In monsoon months, i.e., June, July, and August, TMPA products largely underestimate rainfall. However, in the 2009 monsoon, 3B42RT overestimates rainfall, which is an exception. The possible reason for this is the very low rainfall intensity and rainfall amount recorded for the monsoon in 2009. In post-monsoon, TMPA products exhibit relatively smaller overestimation. In November and December, rainfall from both measuring sources is quite comparable. The overall trend indicates that TMPA products heavily underestimate in wet periods. Seasonal accumulated rainfall comparisons of TRG, 3B42RT, and 3B42V7 are shown in Figure  11 . 3B42RT underestimates rainfall in all seasons (−10% in the winter season, −7% in the pre-monsoon season, −27% in the monsoon season, and −35% in the post-monsoon season). Contrarily, 3B42V7 overestimates rainfall in the winter (21%) and pre-monsoon (29%) seasons, while underestimates in the monsoon (−23%) and post-monsoon (−32%) seasons. Here, a negative sign indicates underestimation. Seasonal accumulated rainfall comparisons of TRG, 3B42RT, and 3B42V7 are shown in Figure 11 . 3B42RT underestimates rainfall in all seasons (−10% in the winter season, −7% in the pre-monsoon season, −27% in the monsoon season, and −35% in the post-monsoon season). Contrarily, 3B42V7 overestimates rainfall in the winter (21%) and pre-monsoon (29%) seasons, while underestimates in the monsoon (−23%) and post-monsoon (−32%) seasons. Here, a negative sign indicates underestimation. 
Diurnal Rainfall Analysis
Diurnal Rainfall Analysis for Entire Study Period
The diurnal patterns in terms of average rainfall intensity, total rainfall amount, and frequency of rain occurrence over the entire period are shown in Figure 12 . The results indicate that the TRG has higher rainfall intensities throughout the day, except for the evening (17:00 h local), where 3B42V7 has a slightly greater mean rainfall intensity. In terms of rainfall amount, both TMPA products overestimate around midnight, while 3B42V7 overestimates in the evening as well. The intensity curve of TRG clearly shows two peaks, one at midnight and another one in the afternoon. However, rainfall amount has a single strong peak in the morning (05:00 h local). A comparative analysis of Figure 12 reveals that Lai Nullah basin received a smaller number of rainy events in the evening, but these were intensive showers. Maximum rainfall amount was received between midnight and the morning, where rainfall intensities vary from high to low. TMPA products complement each other quite well, except for evening hours, but their agreement with TRG is quite weak. At a 02:00 h local time, TRG and TMPA products have similar frequencies, with TRG having higher rainfall intensities. But at this specific hour, TMPA rainfall amount exceeds TRG rainfall amount, which is quite unconventional. One of the basic reasons behind this exception is the difference in the calculation mechanism for total rainfall. TRG considers rain rates at each hour of the day to calculate the total three-hourly rainfall amount. TMPA products, on the other hand, have only one value of hourly rain rates for each 3-h interval. Consequently, hourly rain rates at each 3-h interval are multiplied by '3' to get the three-hourly rainfall amount. The difference in rainfall amounts signifies a greater variation associated with TRG rainfall intensities between a 23:00 to 02:00 h local time, which TMPA products are unable to detect. 
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Diurnal Rainfall Analysis for Entire Study Period
Diurnal Rainfall Analysis
Diurnal Rainfall Analysis for Entire Study Period
Seasonal Diurnal Rainfall Analysis
The season-wise diurnal cycle is depicted in Figure 13 . In pre-monsoon seasons, TMPA products, especially 3B42V7, follow TRG curve patterns. The TMPA products underestimate rainfall in the morning and overestimate in the evening. The TRG has higher rainfall intensities and percentage frequency at midnight (02:00 h local time). TMPA products have higher percentage frequencies and rainfall intensities during evening hours. The season-wise diurnal cycle is depicted in Figure 13 . In pre-monsoon seasons, TMPA products, especially 3B42V7, follow TRG curve patterns. The TMPA products underestimate rainfall in the morning and overestimate in the evening. The TRG has higher rainfall intensities and percentage frequency at midnight (02:00 h local time). TMPA products have higher percentage frequencies and rainfall intensities during evening hours. Figure 13 . Season-wise diurnal precipitation patterns for: (a-c) pre-monsoon, (d-f) monsoon, (g-i) post-monsoon and (j-l) winter seasons. Rainfall intensities are in the left column, the rainfall amount is in the middle, and rainfall frequency is in the right column.
As discussed earlier, the monsoon season is the wet season in Pakistan, and almost 60% of annual rainfall amount is received in this season. As a result, the monsoon season has a greater impact on rainfall patterns calculated for this entire period. Figure 10d ,e displays the diurnal monsoon patterns, which are very similar to the overall time series patterns. It is notable that TRG has a higher percentage frequency during the daytime. Overall, the TMPA products underestimate rainfall, except for a single time slot, while their intensities are lower than TRG intensities. The rainfall intensity pattern in post-monsoon is quite dispersed. Even TMPA products mutually do not complement each other. TMPA products underestimate rainfall in morning and afternoon hours. The diurnal cycle of the winter season presents an altogether different trend, where TMPA products generally have higher rainfall intensities but lower percentage frequencies. The rainfall amount variation between 3B42V7 and TRG is greater in the evening, i.e., 17:00 h local time.
Case Study: Heavy Rainfall Event-July 2008
Afzal et al. [14] reported heavy rain events in Lai Nullah (current study area) during July 2008. Three-hourly rain rates (mm/h) for both TMPA products have been examined with TRG observations (Figure 14) . Out of 48 events in six days, TRG detects ten rainy days, while both TMPA products sense 12 rainy days. TMPA products miss one rainy day and give three false alarms about TRG observations. The maximum rain rate observed by TRG is 18.8 mm/h on 5th July (6:00 h UTC, 11:00 h local), while the 3B43RT and 3B42V7 rain rate at that specific time slot is 19.1 mm/h and 15.8 mm/h, respectively.
The total rainfall amount for the event is shown in Figure 15 . TMPA rainfall products follow a pattern similar to the TRG rainfall, but both products severely underestimated the total rain amount. In spite of monthly adjustments, 3B42V7 only estimated 52% of total rainfall. 3B42RT, on the other hand, estimated 64% of total rainfall.
Remote Sens. 2018, 10, 2040 22 of 31 Figure 13 . Season-wise diurnal precipitation patterns for: (a-c) pre-monsoon, (d-f) monsoon, (g-i) post-monsoon and (j-l) winter seasons. Rainfall intensities are in the left column, the rainfall amount is in the middle, and rainfall frequency is in the right column.
Afzal et al. [14] reported heavy rain events in Lai Nullah (current study area) during July 2008. Three-hourly rain rates (mm/h) for both TMPA products have been examined with TRG observations (Figure 14) . Out of 48 events in six days, TRG detects ten rainy days, while both TMPA products sense 12 rainy days. TMPA products miss one rainy day and give three false alarms about TRG observations. The maximum rain rate observed by TRG is 18.8 mm/h on 5 th July (6:00 h UTC, 11:00 h local), while the 3B43RT and 3B42V7 rain rate at that specific time slot is 19.1 mm/h and 15.8 mm/h, respectively.
The total rainfall amount for the event is shown in Figure 15 . TMPA rainfall products follow a pattern similar to the TRG rainfall, but both products severely underestimated the total rain amount. In spite of monthly adjustments, 3B42V7 only estimated 52% of total rainfall. 3B42RT, on the other hand, estimated 64% of total rainfall. Daily patterns of rainfall over the regional scale, starting from 1 st of July 2008, are shown in Figure 16 . These patterns are analyzed by using TMPAV7 daily rainfall data. The spatial rainfall patterns indicate that July 2008 heavy rainfall events in Lai Nullah basin were part of a Monsoon system that entered the north-east side of Pakistan from India. On 1 July 2008, a strong Monsoon system hit south-west India, and it propagated towards north-eastern parts of India. Finally, the system impacted the great Himalaya mountains and deflected along the Himalaya's foothills towards Daily patterns of rainfall over the regional scale, starting from 1st of July 2008, are shown in Figure 16 . These patterns are analyzed by using TMPAV7 daily rainfall data. The spatial rainfall patterns indicate that July 2008 heavy rainfall events in Lai Nullah basin were part of a Monsoon system that entered the north-east side of Pakistan from India. On 1 July 2008, a strong Monsoon system hit south-west India, and it propagated towards north-eastern parts of India. Finally, the system impacted the great Himalaya mountains and deflected along the Himalaya's foothills towards Pakistan. It entered Pakistan on the 3rd of July and caused heavy rainfall events in Lai Nullah basin on the 4th of July and afterwards. 
Discussion
Our study evaluates TMPA products at various temporal scales, including the best-offered one, i.e., the 3-h timescale. Overall, both of the TMPA products underestimated rainfall across the entire study period. However, 3B72V7 performed better than 3B42RT, which agrees with the finding of 
Our study evaluates TMPA products at various temporal scales, including the best-offered one, i.e., the 3-h timescale. Overall, both of the TMPA products underestimated rainfall across the entire study period. However, 3B72V7 performed better than 3B42RT, which agrees with the finding of various recently conducted studies [53, 54, 57, 77, 78] in Pakistan. Further, our study strengthens the fact that the performance of TMPA products depends upon seasons and various timescales [16, 79] . Categorical indices like bias, POD, FAR, CSI/TS, and SS values for 3B42V7 are −0.11, 0.65, 0.27, 0.52, 0.51, and 0.64, respectively. These scores are much better when compared to two erstwhile studies [48, 52] . Categorical indices' scores at different rainfall intensities reveal that the TMPA products detect plenty of spurious rain events at light rain rates (rain rates <2 mm/h). The value of FAR for light rain events is 0.76 for 3B42RT and 0.71 for 3B42V7. Figure 3a ,b show that all fallacious alarms befall at rain intensities below 2 mm/h, which is concurrent with the findings of [47] . A possible reason for the high FAR at low rain rates could be wind induced errors during rain gauge observations. A score of FAR ameliorates and attains its ideal value when shifted from low rainfall intensities towards higher rainfall intensities by keeping the rain detection threshold constant, i.e., 0.1mm. TMPA's performance in the categorization of various rainfall intensities has been examined in Figure 4 . Results show that the TMPA products behave haphazardly and misclassify many 'light rain' events into 'moderate' and 'heavy rain' events and vice versa. Low standard deviation values for TMPA products can explain the inability of these products to detect variations in rainfall intensities. Overall, 3B42V7's performance is better than 3B42RT in rain intensities classification.
Rainfall rates validation results for the entire study period (Table 4) show a very small value of CC = 0.41 for 3B42RT and CC = 0.38 for 3B42V7 at a three-hourly timescale for the entire time span. The CC value for 3B42V7 is smaller than the value calculated in [52] that gives an average value of CC = 0.45. The calculated MBE is −0.92 and −0.70 for 3B42RT and 3B42V7, respectively, which indicates an underestimation of TMPA products in rainfall measurements. Standard deviation values show that both TMPA products detect small variability in rainfall compared to reference rainfall data. However, 3B42V7 detects better variation in rain occurrence compared to 3B42RT. Our results second what Anjum et al. [54] concluded in their study, i.e., the inability of TMPA products to capture temporal variability. At daily, decadal, and monthly time scales, the correlation values between TMPA products and TRG rain rates increased to (0.48, 0.53), (0.79, 0.77), and (0.91, 0.90), respectively, which are compatible with the results of a couple of bygone studies [16, 47] . However, CC values at a daily timescale are less than the values (0.57, 0.61) calculated by Anjum et al. [78] . The cumulative rainfall analysis shows an overall underestimation of TMPA products in measuring actual rainfall. By considering the standard definition of acceptable accuracy, i.e., ±10% of observed precipitation [43, 44] , 3B42RT exhibits more underestimation of rainfall (−24%) than 3B42V7 (−13%). Our result is aligned with the findings of Anjum et al. [54] . Figure 8 shows that the TMPA products' performance is congruous in pre-monsoon, monsoon, and post-monsoon seasons. Nonetheless, these products have the poorest (or lowest) performance in the winter season, where the score for FAR is as high as 0.52 (for 3B42RT) and scores of all other indices are less than what is calculated in other seasons. Further, the value of the correlation coefficient is very low in winter for both TMPA products and these products overestimate rainfall in the winter season. Winter is a relatively dry season (occasional rainfall events and low rainfall intensities) in Pakistan. Therefore, the performance of the TMPA products in the dry season is insignificant, which is congruent to the findings of [47] . One possible reason for rainfall overestimation and high false alarms in winter is that raindrops may evaporate before reaching the surface in dry conditions. One more possibility is a higher concentration of atmospheric aerosols in the winter season, which may intrude the rainfall and subsequently diminish the precipitation amount observed by a surface rain gauge. A higher aerosol concentration, on the contrary, can increase the cloud drop size as well, which may eventually cause overestimation by a satellite sensor [80] . Another aspect of low agreement between satellite-based rainfall measurements and rain gauge observations in winter or at light rainfall intensities is the errors associated with in-situ rain gauge observations. Tipping bucket (TB) rain gauges may include both systematic as well as random errors at light rainfall intensities. Systematic error may include calibration error, wind-induced error, and sampling error (especially at high temporal sampling) [81] . Thus, at low rainfall intensities, uncertainties are not only associated with satellite measured rainfall, but may also lay with rain gauge observations. Error statistics show that MBE and RMSE have greater values in the monsoon season across all time scales, which agrees with the fact that TMPA maintains greater disparities in the wet season or at high rainfall intensities [43] [44] [45] 47] . Both of the products largely underestimate rainfall in the monsoon season. High-intensity rain events are associated with the monsoon season, and such heavy rainfall intensities may cause signal attenuation of a passive microwave sensor, leading to underestimation in satellite-based precipitation products [80] . Figure 9 gives a good insight into the behavior of CC and RMSE between TMPA products' rain rates and TRG rain rates at various temporal scales. It should be noted that 3B42RT has an inconsistent behavior at different time scales.
The diurnal rainfall analysis indicates an inconsistent pattern of TMPA products with respect to TRG diurnal pattern, which supports the results of a similar study [49] conducted in China. TMPA products are quite aligned in the pre-monsoon season, but behave differently in other seasons. Monsoon is the most crucial season in Pakistan as it receives a major portion of annual rainfall amount. In this season, the county faces a high frequency of floods. Lai Nullah also receives flash floods typically in the monsoon season. Monsoon diurnal analysis suggests that possible flooding hours are from 02:00 to 11:00 h local time. In these time slots, TRGs show the maximum rainfall amount, with a peak at 05:00 h local time. Also, the rainfall intensities in these time slots have greater variations. Thus, intensive rainfall intensities in these time slots may produce flash floods in Lai Nullah basin. But TMPA products, on the other hand, underestimate rainfall in identifiable time periods, which questions their ability to detect flash floods. This discrepancy has been further emphasized by the July 2008 heavy rainfall events case study. The spatial pattern shows that the July 2008 event was part of the monsoon system generated from the north-eastern directions (India and Nepal) of the country. The case study has shown that TMPA products severely underestimated rainfall in this short-duration hydrometeorological event. Similar results are presented by Anjum et al. during their study [54] on extreme heavy precipitation events over Swat River Basin. In our study, 3B42RT underestimated 36% of the total rainfall amount, while3B42V7, which is a monthly adjusted product, performed even worse and underestimated 48% percent of the total rainfall. Moreover, TMPA products are also not satisfactory in post-monsoon and winter seasons in terms of their diurnal performance.
Conclusions
The suitability of the TMPA three-hourly products is studied at the flash flooding site of Lai Nullah basin in Islamabad, Pakistan, using 10-min telemetric rain gauge data. Urban flash flooding is a localized and heterogeneous hydro-meteorological phenomenon and to predict such phenomena, a high spatio-temporal rainfall data in real or near-real time is crucial. The prediction of urban flash flooding is perplexing due to the dearth of good quality in-situ rainfall data. Further, many hydrological models need rainfall at high spatial and temporal resolutions. Satellite sensor-based products may prove to be a good substitute to in-situ rainfall data given that they have a reasonable accuracy. Accurate satellite-based rainfall datasets may assist the scientific community to eliminate rainfall data gaps issues. The current study examines both TMPA products, i.e., a near-real time product (3B42RT) and research version product (3B42V7). Both TMPA products are evaluated at their best possible temporal resolution, i.e., three-hourly rain rates, to check their suitability for flash flood early warnings and water-related modeling. In the current study, scores of categorical indices (POD, FAR, CSI, and SS) show that the performance of TMPA research version in the detection of rain/no-rain events is quite good and has the best scores in a post-monsoon season. However, the performance of the TMPA near-real time product is inferior to the research version. Both TMPA products perform least in the winter season and have the lowest scores for performance indices. Furthermore, the performance of TMPA products is questionable at light rain rates, but it improves at higher rain intensities. Regarding continuous statistical measures, the current study reveals that the correlation coefficient between TMPA (3B42RT, 3B42V7) estimates and telemetric rain gauge observations increases from a modest value (0.41, 0.38) at a three-hourly time interval to a high value (0.91, 0.90) at monthly averages. Moreover, higher mean absolute error and root mean square error are associated with TMPA at three-hourly rain rate measurement. Nevertheless, these errors are reduced at daily, decadal, and monthly rain rate averages. From a seasonal perspective, the TMPA research version underestimates rainfall in monsoon (wet period) and post-monsoon (relatively less wet period), while overestimates rainfall in winter and pre-monsoon (relatively dry seasons). The TMPA near-real time product continuedly underestimates rainfall over all the seasons. Moreover, monsoon and post-monsoon seasons have larger error values compared to winter and pre-monsoon seasons for both products. Values of the correlation coefficient suggest that TMPA estimates are not a substitute of rain gauge data at 3-h and daily time intervals in Pakistan. Diurnal analysis supported by a heavy rainfall case study suggests that the TMPA near-real time product alone is not a good option to predict a localized phenomenon like urban flash flooding in Pakistan. Both TMPA products have a low linear correlation with reference to in-situ rainfall data and higher bias errors at a three-hourly timescale. However, these products can be utilized in synergy with other rainfall datasets. Overall, both TMPA products are more useful at decadal and above decadal time scales, where these products show a significant value for the correlation coefficient (>0.7) with in-situ reference data and exhibit tolerable errors. In comparison, the TMPA research version shows more consistent behavior at various time scales, while the TMPA near-real-time version has severe issues with its consistency at different time scales. Thus, in circumstances when valid ground gauge data is available, TMPA data (near-real-time version in particular) below a decadal scale should be avoided in Pakistan, particularly in hilly/semi-hilly areas where a high probability of errors is associated with TMPA products due to complex topography. Nonetheless, for the extreme conditions like an area with very sparse rain gauge coverage or none at all, both TMPA rainfall products can be a beneficial source at daily and above daily scales. It is suggested to apply bias correction on both products when using them at daily or below daily timescales. Usage of the TMPA 3B42 near-real time product in critical applications like a land slide and flash floods early warning system, or water-related modeling, is not recommended due to higher errors associated with it, and its inconsistent linear relationship with in-situ rainfall data at various timescales. The TMPA research version, however, at a daily and more reliably, above daily time scale, is a good choice for understanding climate patterns, and it can also be used in applications like water-related modeling. Based on these findings, we intend to continue our work of evaluating satellite precipitation products over this flash flooding site with the GPM IMERG and CMORPH products over suitable periods.
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